Background: Insulin receptor substrate proteins (IRS) mediate various effects of insulin, including regulation of glucose homeostasis, cell growth and survival. To understand the underlying mechanisms explaining the effects of the Src-related tyrosine kinase GTK on ␤-cell proliferation and survival, insulin-signalling pathways involving IRS-1 and IRS-2 were studied in islet cells and RINm5F cells overexpressing wild-type and two different mutants of the SRC-related tyrosine kinase GTK. Materials and Methods: Islets isolated from transgenic mice and RINm5F cells overexpressing wild-type and mutant GTK were analysed for IRS-1, IRS-2, SHB, AKT and ERK phosphorylation/activity by Western blot analysis. Results: RINm5F cells expressing the kinase active mutant Y504F-GTK and islet cells from GTK Y504F -transgenic mice exhibited reduced insulin-induced tyrosine phosphorylation of IRS-1 and IRS-2. In RINm5F cells, the diminished IRS-phosphorylation was accompanied by a reduced insulin-stimulated activation of phosphatidylinositol 3-kinase (PI3K), AKT and Extracellular SignalRegulated Kinase, partly due to an increased basal activity. In addition, increased tyrosine phosphorylation of the SHB SH2 domain-adaptor protein and its association with IRS-2, IRS-1 and focal adhesion kinase was observed in these cells. RINm5F cells overexpressing wild-type GTK also exhibited reduced activation of IRS-2, PI3K and AKT, whereas cells expressing a GTK mutant with lower kinase activity (GTK Y394F ) exhibited insignificantly altered responses to insulin compared to the mock transfected cells. Moreover, GTK was shown to associate with and phosphorylate SHB in transiently transfected COS-7 cells, indicating that SHB is a specific substrate for GTK.
Introduction
Secretion of insulin from pancreatic ␤ cells tightly regulates glucose homeostasis by stimulating glucose uptake in peripheral tissues and inhibiting hepatic glucose production. It is presently clear that the active ␤-cell mass is a function of replication of pre-existing ␤ cells, ␤-cell neogenesis and ␤-cell survival and a significant amount of research has been conducted in order to elucidate the signalling pathways regulating each of these. Protein kinases play an important role in the regulation of cell growth, differentiation and survival and in search of protein tyrosine kinases expressed in ␤ cells, the SRC-related tyrosine kinase GTK (BSK/IYK) was characterised (1) . Tyr-504 in the GTK C-terminal tail is homologous to Tyr-527 in c-SRC (pp60 SRC ) and thus negatively regulates GTK kinase activity (2) . In contrast, Tyr-394 is the main autophosphorylation site in GTK and in analogy with Tyr-416 in c-SRC may be a positive regulator of GTK kinase activity. Introduction of a Y416F-mutation in c-SRC eliminates its partial transforming activity and suppresses the ability of c-SRC to be activated by Tyr-527 dephosphorylation (3) . Islets isolated from transgenic mice expressing GTK Y504F under the control of the rat insulin 1 promoter exhibit an increased ␤-cell mass as a consequence of a larger pancreas and an increased relative ␤-cell area (4) . Moreover GTKtransgenic mice show increased cytokine-induced cytotoxicity and elevated basal activity of Extracellular Signal-Regulated Kinase (ERK). GTK has previous been suggested to signal via the SRC homology 2 (SH2)-domain protein SHB to induce neurite outgrowth in PC12 cells (5) . SHB is an adaptor protein with proline-rich motifs in its N-terminus, a central phosphotyrosine binding domain, several potential tyrosine phosphorylation sites and a C-terminal SH2 domain (6, 7) . Transgenic mice, expressing SHB under the control of the insulin promoter, show similar features as the GTK-transgenic mice, with an increased ␤-cell mass and increased cytokine-induced islet cell death (8) , suggesting that GTK might signal via SHB in insulin producing cells.
Some reports suggest that insulin regulates its own secretion in an autocrine/paracrine fashion (9, 10) but the role of insulin action in ␤ cells is still unclear. The cellular response to insulin requires to a large extent tyrosine phosphorylation of the insulin receptor substrates, which are cytosolic docking proteins that mediate various effects of insulin, including regulation of glucose homeostasis, cell growth and survival (11) (12) (13) (14) (15) . IRS-1 and -2 bind several proteins including GRB2/SOS and phosphatidylinositol-3 kinase (PI3K). The binding of GRB2/SOS to IRS induces activation of the RAS-ERK1/2 pathway whereas PI3K activation leads to the phosphorylation of phosphatidylinositols (PI) and subsequent AKT activation. AKT, in turn, when phosphorylated by PDK1 in position Thr-308 and autophosphorylated in position Ser-473, promotes cell survival and protein synthesis (16) . Disruption of the IRS-1 gene causes a mild degree of peripheral insulin resistance, which is compensated for by an increased ␤-cell mass, whereas inactivation of the IRS-2 gene reduces the number of ␤ cells and causes type 2 diabetes (17) (18) (19) (20) (21) . A tissue-specific knockout of the insulin receptor in ␤ cells impairs insulin secretion in response to glucose, suggesting that insulin signalling is important for glucose sensing by the pancreatic ␤ cells (22) .
SHB-overexpression in insulin producing cells causes altered insulin signalling through the IRSproteins in insulin producing cells (23a) . The present study was conducted in order to address whether the effects of GTK in ␤ cells on ERK activity, growth and survival could be reflected to the IRSsignalling system and SHB. For this purpose we assessed IRS-phosphorylation in response to insulin in islets from GTK Y504F -transgenic and control mice. Moreover, pathways downstream of the IRSproteins were studied in RINm5F cells stably overexpressing wild type, Y504F-mutated and Y394F-mutated GTK. RINm5F cell clones, stably overexpressing GTK  (GTK   wt   , GTK   Y504F ) and control clones transfected with the neomycin resistance gene (neo-1 and neo-2), were generated previously (2). Y394F-mutated gtk cDNA was obtained by sequential polymerase chain reaction (PCR) of wild type gtk cDNA inserted into the pcDNA 3.1 (Ϫ)/Myc-His B vector (InVitrogen, Carlsbad, CA) using the following primers: 5Ј-GATAA-TGAAGACATCTTTGAATCTAAACACG-3Ј (nt 1652-1683), 5Ј-TCTAGATAGTTTATGAAGTTATTTG-3Ј (nt 2008-2027), 5Ј-GTAAAGCTTGTGGGGAGAGG-3Ј(nt 431-450) and 5Ј-CGTGTTTAGATTCAAAGATGTCT-TCATTATC-3Ј (nt 1652-1683). The final mutated PCRproduct was purified by electroelution and ligated into the pT7Blue-vector (Novagen, Madison, WI). After subcloning, the gtk-fragment was inserted into the XbaI site of the pcDNA 3.1 (Ϫ)/Myc-His B vector and transfected into RINm5F cells using 5% LipofectA-MINE™ (Gibco BRL, Gaithersburg, MD) and 9 g DNA (23) . The cells were cultured with 0.6 mg/ml Geneticin (G418; Gibco BRL) and clones were isolated and cultured as previously described (2) . Clones were analysed for GTK mRNA and protein expression. Growing RINm5F cells were trypsinised every 3-5 days and subcultured in RPMI 1640 ϩ 10% Foetal Calf Serum (FCS).
Materials and Methods

Cells
COS-7 cells (5 cm dishes) were cultured to subconfluence in DMEM ϩ 10% FCS before transient transfection using 3% LipofectAMINE™ and 3 g DNA (full length wild-type shb inserted into pcDNA 1 and/or full length Y504F-mutated gtk inserted into pcDNA 3.1 (Ϫ)/Myc-His B in 1.5 ml serum-free DMEM for 2 h at 37 ЊC. The transfected COS-7 cells were cultured for 48 h in DMEM ϩ 10% FCS before co-immunoprecipitation studies.
The GTK-transgenic mice were generated as previously described (4) and islets were isolated, by collagenase digestion, from GTK-transgenic and CBA control mice of both genders at approximately 4 months of age. The islets were pre-cultured in 11.1 mM glucose for 2 days before experimentation and all cells (islets and RINm5F cells) were serumdeprived for 60 min before stimulation with insulin (stock: 10 mg/ml insulin in 30 mM HCl; RINm5F cells were stimulated with 0.1 g/ml and islets with 10 g/ml insulin) or HCl, without insulin, as control. The Uppsala Animal Ethics Committee approved the animal experimentation.
Immunoprecipitation and Western Blot Analysis
Subconfluent cultures (10 cm dishes) of control (neo) RINm5F cells or RINm5F cells expressing mutated or wild type GTK were stimulated with insulin as described above. After washing the cells with cold PBS they were lysed in 100 mM Tris (pH 8.0), 150 mM NaCl, 1% Triton X-100, 5 mM EDTA, 5 mM DTT, 1 mM Na 3 VO 4 , 1 mM PMSF and 50 M leupeptin. The lysate was pre-cleared by centrifugation and immunoprecipitated with anti-IRS-1, anti-IRS-2 (Upstate Biotechnology, Lake Placid, NY) or anti-SHB antibody (made according to (24) ). The immuno-complexes were precipitated with protein-A sepharose (Amersham Pharmacia Biotech, Uppsala, Sweden), washed with PBS ϩ 1% Triton, denatured by boiling in SDS-␤-mercapthoethanol sample buffer and subjected to Western blot analysis for phosphotyrosine (4G10, Upstate Biotechnology, Lake Placid, NY), IRS-1, IRS-2, SHB or phospho-FAK (Tyr397) (Transduction Laboratories, Lexington, KY). The amount of phosphorylated protein was quantified by densitometric scanning using Kodak Digital Science 1D software (Eastman Kodak, Rochester, NY) and normalised against the total amount of protein.
Transiently transfected COS-7 cells (SHB, GTK Y504F or SHB ϩ GTK
Y504F
) were lysed, immunoprecipitated with anti-GTK and anti-SHB antibody and subjected to Western blotting for SHB, GTK and phosphotyrosine.
In Vitro Kinase Assay
RINm5F clones were cultured to subconfluence and Na 3 VO 4 (0.1 mM) was added 15 min prior to harvest. GTK was immunoprecipitated and subjected to an from one separate experiment. Unpaired Student's t-tests were used to determine a statistical difference between GTK-overexpressing and control cells (when applicable, the mean value of neo-1 and neo-2 for each independent experiment was calculated).
Results
Effects of GTK Overexpression on IRS-1 and IRS-2 Phosphorylation in Islets
To study the effects of GTK on IRS-1 and IRS-2 phosphorylation in response to insulin in ␤ cells, serum-deprived islets isolated from control or GTKtransgenic CBA mice were stimulated with insulin for 10 minutes and IRS-1 and IRS-2 were immunoprecipitated. Similar amounts of cell lysates were used in each group as assessed by blotting for ERK1/2 (Fig. 1A) or immunoprecipitated total IRS-2 (results not shown). Insulin increased the phosphorylation of IRS-1 and IRS-2 in the control islets. The in vitro kinase assay as described previously (23) . In short, cells were lysed and the nuclei were removed by centrifugation. GTK was precipitated with GTK antiserum and Protein A Sepharose. The beads were incubated with [␥-32 P]ATP for 15 min at room temperature and the reaction was stopped by addition of SDS-sample buffer. The samples were run on a 7.5% SDS-polyacrylamide gel and subjected to Western blotting for GTK or autoradiography using Hyperfilm™ MP (Amersham Pharmacia Biotech).
PI3K Assay
Serum starved RINm5F cells (Subconfluent in 10 cm dishes) were stimulated with insulin and cells were washed and lysed in 100 mM Tris (pH 8.0), 150 mM NaCl, 1% Triton X-100, 5 mM EDTA, 5 mM DTT, 1 mM Na 3 VO 4 , 1 mM PMSF and 50 mM leupeptin. The lysate was pre-cleared by centrifugation and then used for immunoprecipitation using an antiphosphotyrosine antibody (PY20) (Transduction Laboratories). The immuno-complexes were bound to Protein A-Sepharose, washed twice with PBS containing 1% NP-40 and 1 mM DTT followed by two washes with 100 mM Tris (pH 7.6), 500 mM LiCl and 1 mM DTT. The immuno-complexes were washed once with 10 mM Tris (pH 7.6), 100 mM NaCl, 1 mM DTT, followed by incubation for 10 min in 10 mM Tris (pH 7.6), 100 mM NaCl, 1 mM DTT and 0.25 mg/ml phosphatidylinositol (PI). The reaction was initiated by addition of 10 mM MgCl 2 , 20 mM Hepes (pH 7.6), 50 M ATP and 5 Ci of ␥-[ 32 P]-ATP (final concentrations in 50 l). After 10 minutes, the reaction was terminated by the addition of 15 l 4 M HCl and 130 l chloroform/methanol (1:1, v/v). Phospholipids were extracted as previously described (25) and separated on silica TLC plates (Merck, Darmstadt, Germany) using CHCl 3 :CH 3 OH:NH 4 OH:H 2 O (600:470:20:113, v/v) as solvent. Radioactive spots were detected with autoradiography and quantified by densitometric scanning as described above.
Immunoblot Analysis of AKT and ERK
Subconfluent cultures (10 cm dishes) of RINm5F cells were washed and incubated for 1 hour with serum-free medium and subsequently stimulated with 0.1 g/ml insulin as described above. After washing with cold PBS the cells were lysed in SDS-␤-mercapthoethanol sample buffer supplemented with 1 mM (PMSF), briefly sonicated and used for immunoblot analysis for phospho-AKT (Ser-473), AKT, phospho-ERK1/2 (Thr202/Tyr204) (New England Biolabs, Beverly, MA) or ERK1/2 (Santa Cruz, Santa Cruz, CA). The amount of phosphorylated protein was quantified by densitometric scanning and normalised against the total amount of protein.
Statistical Analyses
The means Ϯ SEM for the number of observations are given. Each observation is based on the value obtained 2000 islets from control (n ϭ 9) and GTKtransgenic (n ϭ 6) mice were isolated and divided equally into two groups (1000 islets/group). The islets were serum starved for 60 min and stimulated with insulin dissolved in 30 mM HCl (ϩ) or HCl only (Ϫ) for 10 min or left unstimulated. The cells were lysed and subjected to immunoprecipitation for IRS-1 followed by immunoprecipitation for IRS-2. All precipitates were subjected to Western blot analysis for phosphotyrosine (P-Tyr). Cell lysate was subjected to SDS-PAGE and Western blot analysis for ERK1/2 (A). Densitometric scanning was performed and the IRS-phosphorylation normalised against the amount of lysate ERK1/2 or immunoprecipitated total IRS-2 was calculated for each group (B and C) in two separate experiments. Means Ϯ SEM are given.
insulin-induced IRS-1 phosphorylation was reduced in the GTK-transgenic islets compared to the control islets (Fig 1A and B) . Moreover, the basal IRS-2 tyrosine phosphorylation was increased in the GTKtransgenic islets and the insulin-induced IRS-2 phosphorylation was completely abolished in these cells, suggesting a strongly perturbed IRS-2 signalling (Fig. 1A and C) .
Effects of GTK Overexpression on IRS-1 and IRS-2 Phosphorylation in RINm5F Cells
The difficulty in obtaining a sufficient number of islets to extend the observations in Fig. 1 , prompted the usage of RINm5F cells, stably overexpressing myc-tagged GTK. The expression level of myc-tagged GTK was increased about three-fold compared to the endogenous p57 GTK and was similarly expressed in all GTK-transfected clones (Fig. 2) . The Y504F-mutated GTK cells displayed increased GTK autophosphorylation compared to the wild type GTK, in line with previous results (2) . In contrast, the Y394F-mutated GTK exhibited a 30% reduction of the relative in vitro kinase activity compared to the wild type GTK (Fig. 2) , suggesting indeed that Tyr-394 is an important autophosphorylation site analogous to Tyr-416 in c-SRC. This analogy suggests that the Y394F-mutation may suppress the ability of GTK to be activated by Tyr-504 dephosphorylation (3) and thus it is conceivable that the decrease of kinase activity of this mutant may be more pronounced under conditions of in vivo activation.
IRS-1 and IRS-2 expression levels were comparable in the different clones except for slightly lower IRS-1 levels in the GTK wt cells. The insulin-induced tyrosine phosphorylation of IRS-1 was reduced by about 40% in RINm5F cells expressing the kinase active GTK
Y504F
, consistent with the data on GTKtransgenic islets (Fig. 3A) . RINm5F cells expressing GTK Y394F exhibited a pattern of responses that was similar to that of the control cells indicating that the kinase activity is of importance for the GTK-induced effect on IRS-signalling. Two separate controlclones (neo-1 and neo-2) displayed a similar degree of IRS-1 phosphorylation; thus it appears unlikely that the observed effects are due to clonal selection (results not shown). The insulin-induced IRS-2 phosphorylation, in RINm5F cells expressing both GTK Y504F and GTK wt , was about 50% of maximum, which was significantly reduced compared to the control cells (Fig. 3B) . This was partly due to increased basal phosphorylation of IRS-2 in the GTK Y504F cells. It has been demonstrated that the adapter protein SHB associates with IRS-2 and FAK in SHBoverexpressing RINm5F cells and that insulin-induced IRS-phosphorylation is impaired in these cells (23a). It was therefore examined if SHB co-precipitates with the IRS-proteins in RINm5F cells expressing GTK. SHB was found to associate with IRS-1 in all the GTK-overexpressing clones both in the absence and presence of insulin but the basal associationlevel was higher in the GTK wt and GTK Y504F cells (Fig. 3A ). An association between SHB and IRS-2 in the GTK Y504F cells was also observed (Fig. 3B) .
Effect of GTK Overexpression on PI3K Activity
Since PI3K is a downstream effector of IRS-1 and IRS-2, insulin-stimulated PI3K activity in phosphotyrosine immunoprecipitates from RINm5F cells was assessed. The data on PI3K activity reflects the combined IRS-1 and IRS-2 phosphorylation data ( Fig. 3) in that GTK overexpression reduces the response to insulin. The basal activity of PI3K was significantly elevated in the GTK wt and the GTK Y504F clones ( Fig. 4A and B) and both GTK wt and GTK Y504F exhibited diminished PI3K activation in response to insulin compared to the control clones (Fig. 4C) .
Effect of GTK Overexpression on AKT and ERK1/2 Phosphorylation
Insulin-mediated activation of PI3K induces elevated contents of 3Јphosphorylated phosphoinositides, which results in activation of AKT by the phosphorylation of Thr-308 and Ser-473 (16) . The phosphorylation of AKT (on Ser-473) relative the total amount of AKT present in the cell lysates was low in all clones, although there was a tendency to higher basal levels in the GTK-expressing clones (Fig. 5A, top) . Insulin induced a three-fold increase in the control-clones but only a two-fold increase in the GTK wt and GTK Y504F clones, resembling the PI3K activation pattern (Fig. 5A, bottom) . ERK1/2 is activated upon insulin-receptor activation through phosphorylation of Thr-202 and Cell extracts from RINm5F cells, stably transfected with empty vector (neo-1 and neo-2), Y394-mutated, wild type and Y504F-mutated GTK, were immunoprecipitated with GTK-antiserum and subjected to an in vitro kinase assay for 15 min. The reaction was subjected to SDS-PAGE, and Western Transfer. The phosphorylation was visualised by autoradiography after SDS-PAGE (top) and the total amount of GTK was assessed by Western blotting (bottom). The [ 32 P] incorporation into the myctagged GTK was assessed by densitometry and the relative amount was calculated and is indicated below each group. RINm5F cells overexpressing SHB show reduced insulin-induced IRS phosphorylation consistent with what is observed in the GTK-expressing cells, SHBphosphorylation in response to insulin was studied in RINm5F cells. GTK Y504F cells exhibited increased SHB phosphorylation mainly in the presence of insulin compared to the control cells and this was accompanied by an increased association of SHB with IRS-2 ( Fig 6A) . Likewise, the tyrosine phosphorylation of SHB was increased in the RIN Y504F cells compared Tyr-204 by MEK. GTK Y504F cells showed an increased basal phosphorylation of ERK resulting in a reduced insulin-induced ERK activity compared to the neo cells (Fig. 5B) . This is in line with previous results showing an increased ERK1/2 activity in GTK-transgenic islets (4) .
Effect of GTK Overexpression on SHB Phosphorylation
Because SHB was found to associate with IRS-1 and IRS-2 in the GTK Y504F expressing cells and since ) were stimulated with insulin as described above. The cells were lysed, immunoprecipitated for IRS-1 or IRS-2 and subjected to Western blot analysis for phosphotyrosine (P-Tyr), IRS-1, IRS-2 and SHB. (A). Tyrosine phosphorylated IRS-1 was detected as a 185 kDa band (top). Densitometric scanning of tyrosinephosphorylated and total amount of IRS-1 and the mean IRS-1 phosphorylation normalised against the total amount of IRS-1 protein was calculated (middle). The stimulation of IRS-1 phosphorylation in response to insulin was calculated as the percent of maximum stimulation, the largest fold increase of IRS-1 phosphorylation in each experiment was set to 100% (bottom) (B). Tyrosine phosphorylated IRS-2 was detected as a 200 kDa band (top). Densitometric scanning of tyrosine-phosphorylated and total amount of IRS-2 and the mean phosphorylation normalised against the total amount of IRS-2 was calculated (middle). The stimulation of IRS-2 phosphorylation in response to insulin was calculated as the percent of maximum stimulation as described above (bottom). Bars are means Ϯ SEM from 4-5 independent experiments. *, p Ͻ 0.05 and **, p Ͻ 0.01 when compared with corresponding value of RINm5F-control (neo).
with control cells when cultured in 10% serum (Fig. 6B) . The phosphotyrosine blot also revealed two prominent phosphorylated proteins of about 125 kDa and 250 kDa that co-immunoprecipitated with SHB in an insulin-dependent manner and to a higher extent in the GTK-expressing cells, than in the control cells. Moreover, the basal association between SHB and these proteins was elevated in the GTK-Y504F cells. To assess if the 125 kDa band could be FAK, the blot was stripped and reprobed with an antibody against phospho-FAK (Tyr-397), verifying the 125 kDa band as tyrosine phosphorylated FAK and confirming the relative pattern of co-immunoprecipitation of this band with SHB (results not shown).
SHB is a GTK Substrate in COS-7 Cells
It has previously been shown that GTK-overexpression in PC12 cells induces strong phosphorylation of SHB (5), in line with the present findings and it has therefore been suggested that SHB is a downstream effector of GTK. It has, however, not been established if these two proteins interact or if GTK directly phosphorylates SHB. We therefore analysed the ability of GTK and SHB to associate when overexpressed in COS-7 cells (Fig. 7) . The GTK-or SHBspecific bands were weak or undetectable in the non-transfected COS-7 cells, whereas gtk-transfected and shb-transfected cells expressed large amounts of respective protein. Cells transfected with equal amounts of shb and gtk exhibited a strong association between the two proteins, as assessed by precipitating GTK and SHB and monitoring co-precipitation by blotting for SHB and GTK respectively. Moreover, SHB, which was unphosphorylated in the absence of GTK, exhibited a strong phosphorylation when co-transfected with GTK. These results clearly ) were stimulated with insulin as described above. The cells were lysed in SDS-␤-mercaptoethanol sample buffer and subjected to Western blot analysis for phospho-AKT, AKT, phospho-ERK1/2 and ERK1/2. (A) Densitometric scanning of phosphorylated AKT was performed and the mean normalised against the total amount of AKT was calculated from 4 independent experiments. The stimulation of AKT in response to insulin was calculated as the percent of maximum stimulation. (B) Densitometric scanning of phosphorylated ERK1/2 was performed and the mean normalised against the total amount of ERK1/2 was calculated. The stimulation of ERK1/2 in response to insulin was calculated as the percent of maximum stimulation. Bars are means Ϯ SEM from 5 independent experiments. * p Ͻ 0.05, ** p Ͻ 0.01 and *** p Ͻ 0.001 when compared with corresponding value of RINm5F-control (neo-1 and neo-2). (A) Cells were stimulated with insulin as described above, immunoprecipitated with phosphotyrosine antibody (PY20) and subjected to an in vitro kinase reaction using PI as a substrate for PI3K. Phospholipids were then separated on silica TLC plates and the radioactive product (PIP) was detected with autoradiography (A) and quantified by densitometric scanning (B). The stimulation of PI3K activity as percent of maximum was calculated as described above (C). Bars are means Ϯ SEM from 4 independent experiments. *, p Ͻ 0.05 and **, p Ͻ 0.01 when compared with corresponding value of RINm5F-control (neo-1 and neo-2). ) cultured in a 10% serum medium were immunoprecipitated for SHB and subjected to Western blotting for phosphotyrosine (P-Tyr) and SHB. show that GTK can bind and phosphorylate SHB, and could explain previous and present results showing increased SHB phosphorylation in GTKoverexpressing cells.
Discussion
This study shows an impaired insulin-induced IRS-1 and IRS-2 signalling in RINm5F cells and islet cells as a consequence of overexpressing the tyrosine kinase GTK. A 40% reduction in insulin-induced activation of signal-transduction pathways downstream of the insulin-receptor, including IRS-1, IRS-2, PI3K, AKT and ERK1/2 was observed in cells expressing wild-type and the more kinase active Y504F-mutated GTK. In addition the results show an increased association between SHB, IRS-2, IRS-1 and FAK mainly in the GTK Y504F cells. The GTKinduced changes in insulin signalling depended on the kinase activity of GTK since cells expressing Y394F-mutated GTK showed responses to insulin that were insignificantly altered compared to the control cells, whereas the GTK Y504F -expressing clones exhibited the most prominent effects on IRSsignalling.
In GTK wt and GTK Y504F expressing RINm5F cells the PI3K activation was reduced due to an increased basal activity, similar to what is observed in IRS-1 Ϫ/ϩ IRS-2 Ϫ/ϩ cells (26) , suggesting that the reduction of both IRS-1 and IRS-2 activation could be important for this response. However, present and previous results implicate that IRS-2 is the main target for GTK in vivo. For instance, GTK-transgenic islet cells showed a strongly perturbed IRS-2 phosphorylation, with elevated basal levels and a blunted response to insulin, whereas IRS-1 phosphorylation was moderately affected. GTK-transgenic mice exhibit a significantly increased ␤-cell mass, which may be a consequence of increased signalling via IRS-2, since IRS-2, in contrast to IRS-1, is predominantly expressed in the ␤ cells and has been shown in IRS-signalling: Kinase active GTK, when overexpressed in insulin producing cells, associates with and phosphorylates SHB. This results in the recruitment of other signalling molecules, such as IRS-1, IRS-2 and FAK, to the complex, which induces phosphorylation of IRS-2 and activation of the downstream RAS-ERK and PI3K-AKT pathways. The constitutive activation of IRS-2-pathways in GTK-expressing cells induces negative feedback regulation of IRS-1 and IRS-2 activity by, for instance, ERK, AKT, and subsequently impairs insulin-induced activation of these pathways. The present results might explain previous findings showing a larger ␤-cell mass in GTK-transgenic mice and may contribute to the understanding of the pathophysiology of insulin-resistance in diseases such as diabetes and obesity.
to regulate ␤-cell growth (21) . IRS-2 may induce ␤-cell growth by activating the RAS-ERK pathway, since this pathway is well known to promote proliferation. Indeed, the increased basal ERK activity in the GTK Y504F cells and in GTK-transgenic islets (4) supports this hypothesis. It has recently been suggested that negative feedback regulation of IRS-activity by, for instance, ERK, AKT and PKC- (27) (28) (29) , is important in insulin signal transduction. Taking this into account, it is possible that GTK is a potent activator of IRS-signalling in the absence of insulin and that the reduced responsiveness to insulin in the transgenic islets and the RINm5F clones reflects the augmentation of one or more feedback regulatory mechanisms under these conditions. Consistent with this hypothesis is the increased basal activity of IRS-2, PI3K, AKT and ERK1/2 as well as the increased association between SHB and FAK with IRS-2 observed in GTK Y504F expressing cells. Present and previous findings suggest that GTK may signal via SHB to exercise at least some of its effects. The observation that GTK induces phosphorylation of SHB and its association with FAK in RINm5F cells is consistent with a previous study on GTK overexpressing PC12 cells (5) . Moreover, SHBoverexpression has recently been shown to induce similar perturbations in IRS-signalling in insulin producing cells as the GTK-overexpressing cells, including reduced insulin-induced activation of IRS-1, IRS-2 and PI3K as well as an induced complexformation between SHB, IRS-2 and FAK (23a). Interestingly, transgenic CBA mice expressing GTK under the control of the insulin promoter show a phenotype similar to SHB-transgenic CBA mice, thus both exhibit a larger relative ␤-cell area and increased cytokine-induced islet cell death (4, 8) . We presently show, for the first time, that GTK associates with and phosphorylates SHB. The strong binding and the fact that SHB was unphosphorylated in the absence of GTK, indicate that SHB is a specific substrate for GTK and that these two proteins associate directly without any intermediate protein. This interaction may be accomplished by the proline-rich region of SHB binding to the SH3 domain of GTK. Moreover, one or more of the putative tyrosine phosphorylation sites in SHB may bind the SH2 domain of GTK. Tyr-333 in SHB is of particular interest since the amino acid sequence following this tyrosine is similar to that of Tyr-504 in GTK, namely SerAsp-Pro and Ser-Asp-Thr respectively (1, 30) . Since phosphorylation of Tyr-504 negatively regulates GTK kinase activity, by binding to the SH2 domain of the same molecule, it is possible that SHB may activate GTK by competing with Tyr-504 for the binding to the GTK SH2 domain. Y504F-mutated GTK may, due to its open configuration, exhibit constitutive association with SHB resulting in increased SHB phosphorylation.
In summary, we would like to present the following hypothetical model for GTK-induced disturbances
